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ABSTRACT

Flight vibration data are analyzed for the NASA F-15B/Flight Test Fixture II test bed. Understanding

the in-flight vibration environment benefits design and integration of experiments on the test bed. The

power spectral density (PSD) of accelerometer flight data is analyzed to quantify the in-flight vibration

environment from a frequency of 15 Hz to 1325 Hz. These accelerometer data are analyzed for typical

flight conditions and maneuvers. The vibration data are compared to flight-qualification random

vibration test standards. The PSD levels in the lateral axis generally are greater than in the longitudinal

and vertical axes and decrease with increasing frequency. At frequencies less than approximately 40 Hz,

the highest PSD levels occur during takeoff and landing. Pea_ks in the PSD data for the test fixture occur

at approximately 65, 85, 105-110, 200, 500, and 1000 Hz. The pitch-pulse and 2-g turn maneuvers

produce PSD peaks at 115 Hz. For cruise conditions, the PSD level of the 85-Hz peak is greatest for

transonic flight at Mach 0.9. From 400 Hz to 1325 Hz, the takeoff phase has the highest random vibration

levels. The flight-measured vibration levels generally are substantially lower than the random vibration
test curve.

NOMENCLATURE
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PSD
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dimension, ft

frequency of vortex shedding, Hz

Flight Test Fixture II

gravitational acceleration constant, 32.174 fl/sec 2

indicated airspeed, knots

power spectral density, g2/Hz

root mean square

Strouhal number, S = fsD/V

free-stream velocity, ft/sec

INTRODUCTION

The NASA Dryden Flight Research Center (Edwards, California) F-15B/Flight Test Fixture II

(FTF-II) test bed (fig. 1 and ref. 1) is used to flight-test a variety of flight research experiments. Flight

research is conducted in several areas, including aerodynamics, structural dynamics, instrumentation,

sensor development, advanced video techniques, and propulsion. All experiment hardware must be

flight-qualified prior to flight to verify functional operability and to ensure no failure modes

detrimental to flight safety exist.

One flight qualification requirement for experiment hardware is the successful completion of a

random vibration test. The current NASA requirement is a shake test with the acceleration power spectral

density (PSD) as a function of frequency schedule, as shown in figure 2 from reference 2. For flight on

the F-15B/FTF-II test bed, hardware typically is shaken to either "curve A" or "curve B" (fig. 2). The



vibrationisappliedto eachof thethreemutuallyperpendicularaxesof thehardwarein separatetests.The
hardwareis testedwith randomvibrationfor aminimumof 20min in eachaxis.

An attempt has been made to quantify the actual F-15B/FTF-II in-flight randomvibration
environment.Flightdatahavebeen analyzed for a variety of flight conditions and maneuvers including

taxi; takeoff; climb; straight-and-level flight at subsonic, transonic, and supersonic speeds; level 2-g

turns; pitch pulses; sideslips; descent; and landing.

AIRPLANE AND FLIGHT TEST FIXTURE II DESCRIPTION

The F-15B aircraft is a two-seat fighter/trainer version of the F-15 high-performance, supersonic,

air-superiority fighter aircraft (McDonnell Aircraft Company, now The Boeing Company, St. Louis,

Missouri). The aircraft is powered by two F100-PW-100 turbofan engines with afterburners

manufactured by Pratt & Whitney (West Palm Beach, Florida). Each engine has an uninstalled, sea-level,

static thrust rating of approximately 25,000 lbf. The F-15B aircraft is 63.7-ft long and has a wingspan of

42.8 ft (fig. 3). The aircraft has a basic operating weight of 27,500 lb and a takeoff gross weight of

54,000 lb.

The NASA F-15B airplane has been converted from its U. S. Air Force role as an air-superiority

fighter to a research test bed aircraft. This conversion includes the installation of research

instrumentation, recording, telemetry, and video systems. A significant feature of the research capability

of the aircraft is its ability to carry the FTF-II. The FTF-II is installed on the F-15B centerline pylon

similar to the installation of an operational centerline fuel tank (figs. 3-4). The FTF-II is a

second-generation research fixture; the first flight test fixture was flown on a NASA F-104 aircraft

(ref. 3).

The FTF-II is a low-aspect-ratio, fin-like shape with an elliptical nose section and blunt base. The

fixture is 107.0-in. long, 32.0-in. high, and 8.0-in. wide (fig. 4). The FTF-II is constructed of composites

and has a modular configuration. The fixture has a research instrumentation section; and the replaceable

nose section, side panels, and vertical section provide the flexibility to integrate a variety of flight test

experiments and configurations. The maximum allowable weight of the FTF-II, including research

systems, is 500 lb. Steady-state performance limits of the F-15B/FTF-II configuration include a

maximum altitude of 60,000 ft; airspeeds to a maximum of 600 knots indicated airspeed (KIAS)
(equivalent to a dynamic pressure of approximately 1000 lbf/ft2); and a Mach number of 2.0. Reference 1

provides further details about the FTF-II.

INSTRUMENTATION AND DATA ANALYSIS

Ten-bit acceleration data have been obtained from two Endevco Corporation (San Juan Capistrano,
California) ISOTRON ® model 5253A-100 triaxial accelerometers located in the FTF-II. The

accelerometers are mounted on the vertical and lateral centerlines of the FTF-II at two different

longitudinal stations. The accelerometers are located 58.9 in. and 93.1 in. aft of the FTF-II leading edge

(55 and 87 percent of the FTF-II geometric chord length, respectively).

A digital data acquisition and telemetry system recorded accelerations in the longitudinal, lateral, and

vertical axes. The sample rates for the accelerometers located at the 55- and 87-percent chord locations



were 10,416samples/secand 801 samples/sec,respectively.Hence,the 801-Hz and 10,416-Hz
accelerometerdataare referredto asthe low-speeddataand the high-speeddata,respectively.The
low-speeddatawerefilteredwith athree-poleButterworthantialiasingfilter thathasa3-dBdownpoint
at 160Hz. Thehigh-speeddatawerefilteredwith athree-poleButterworthantialiasingfilter thathasa
3-dBdownpoint at 1325Hz. Becauseof the filtering, the low-speedandhigh-speeddatahavebeen
analyzedto maximumfrequenciesof 160Hz and1325Hz, respectively.Table1containsspecifications
for theaccelerometer.

Table1.Accelerometerspecifications.

Characteristics Specifications

Full-scalerange
Resolution

Accuracy
Samplerate

Frequencyresponse
Three-poleButterworthantialiasingfilter cutofffrequency

_+25g
0.049g

_ 10 percent

801 Hz (low speed)

10,416 Hz (high speed)

2-10,000 Hz

160 Hz (low speed)

1325 Hz (high speed)

* Main limitations are cross-axis sensitivity and frequency dependence.

Time slices of flight data have been analyzed for each representative condition or maneuver. The time

slices are 1 min in length for steady flight conditions and varied for maneuvers. The MATLAB ® software

(The MathWorks, Inc., Natick, Massachusetts) (ref. 4) has been used to calculate the PSD for the

specified sampling frequency at 1-Hz resolution. The spectral density has been plotted as a function of

frequency to describe the random vibration environment for the F-15B/FTF-II configuration during

various flight conditions and maneuvers.

Time-Domain Data

Figure 5 shows typical time-domain data for a complete flight profile. Mach number; altitude; angles

of attack and sideslip; and longitudinal, lateral, and vertical acceleration are plotted as a function of time

for flight number 165. Flight conditions and maneuvers are labeled. The accelerometers measured the

excitation from the equilibrium condition: 0 g for the axial and lateral axes and -1 g for the vertical axis.

Note that the maximum accelerations were approximately 0.5 g for the longitudinal axis, 2.0 g for the

lateral axis, and 1.0 g for the vertical axis. The excitation was largest in the lateral axis, then in the

vertical axis. Little excitation was seen in the longitudinal axis.

An accelerometer was affixed to an electrodynamic shaker programmed to generate curve A

accelerations. Figure 6 shows the average of PSDs over 30 sec for the 10,416-Hz data. Deviations from

the programmed curve were caused by the precision of the shaker control and the resolution and accuracy
of the accelerometer.



Figure 7 shows the longitudinal, lateral, and vertical acceleration PSD levels as a function of

frequency for a typical takeoff and landing. For reference, the PSD for NASA Dryden flight qualification

shake test curves are shown. The acceleration in the lateral axis was dominant over most of the frequency

range for takeoff and landing. Based on a review of the data in all three axes, the lateral axis acceleration

was found to be dominant for most of the flight conditions and maneuvers analyzed except for taxi, the

pitch pulses, and the 2-g turns, in which the vertical axis accelerations were also significant.

FLIGHT TEST RESULTS AND DISCUSSION

Flight test data have been analyzed from five separate F-15B/FTF-II flights: flight numbers 143, 144,

154, 155, and 165. Low-speed accelerometer data have been analyzed for all of these flights. The

high-speed data were obtained for portions of flight 144 only. These flights are representative of the

random vibration environment typically encountered by the F-15B/FTF-II test bed. Tables 2 and 3 show

all of the flight conditions and maneuvers analyzed from these flights.

Steady-state flight conditions analyzed were taxi; takeoff; climb; straight-and-level flight at subsonic,

transonic, and supersonic speeds; descent; and landing. The flight maneuvers analyzed include pitch

pulses, 2-g turns, and sideslips with the landing gear up and down. Not all of these conditions and

maneuvers were present in each flight. The subsonic cruising conditions were Mach 0.5, 0.6, 0.7, 0.8, and

0.9 in level flight at an altitude of 15,000 ft. The supersonic cruising conditions were Mach 1.0, 1.3, and

1.4 in level flight at an altitude of 30,000 ft. The flight maneuver data were collected at altitudes of

10,000 ft, 15,000 ft, and 20,000 ft.

Steady-State Flight Conditions Data

Figures 8-18 show PSD data as a function of frequency for the steady-state flight conditions. The

PSD data are shown for taxi; takeoff; climb; level subsonic, transonic, and supersonic flight; descent; and

landing. All of the figures show the NASA Dryden flight qualification test curves for random vibration.

For all of the flight data, the maximum value of spectral density generally is an order of magnitude or

more below the curve B value at low frequency and several orders of magnitude lower at high frequency.

The data show a low-frequency structural mode of approximately 10-15 Hz. For many of the cases,

pea_ks exist in the PSD data at approximately 65, 85, 100-105, 200, and 500 Hz; perhaps indicating

resonant frequencies of the FTF-II itself.

Figure 8 shows the lateral and vertical acceleration PSD data for taxi. Two curves are shown for each

axis: a preflight curve and a postflight curve. The preflight curve corresponds to the aircraft taxiing

before takeoff at a fully fueled weight of approximately 40,000 lb. The postflight curve corresponds to a

postflight taxi weight of approximately 30,000 lb. The preflight and postflight results are comparable in

magnitude for each axis, but the PSD of the vertical axis is approximately 5 times greater than that of the

lateral axis for frequencies greater than 20 Hz. The vertical and lateral axis PSD levels are on the order of

10-5 g2/Hz and 10 -6 g2/Hz, respectively. Distinct pea_ks in the PSD for both cases are at approximately

55, 65, and 105 Hz.



Table 2. Analyzed flight conditions.

Steady-state flight condition Flight Mach Altitude,
number number kft

Taxi 165

Take off 143

144"

165

Climb 143 0.4 10-16

144" 0.4 10-15

165 0.7 10-18

Level subsonic flight 143 0.4 20
143 0.5 20

144" 0.5 20

154 0.5 15

144" 0.6 20

154 0.6 15

144" 0.7 20

154 0.7 15

Level transonic flight 154 0.8 15
154 0.9 15

155 1.0 34

Level supersonic flight 154 1.3 30
165 1.4 34

Descent 143 0.4 13-10

144" 0.4 14-11

165 0.6 21-16

Landing 143
144"

165

*High- and low-speed data analyzed

Table 3. Analyzed flight maneuvers.

Flight maneuvers Flight Mach Altitude,
number number kft

Sideslip, landing gear down 165 0.4 15

Sideslip, landing gear up 165 0.4 15

Pitch pulse 143 0.4 20

2-g turn 143 0.4 10



Figure9 showsthelateralaccelerationPSDcalculatedfromthelow- andhigh-speeddatafor takeoff.
As previouslymentioned,the low- andhigh-speeddataarecalculatedandplottedto frequenciesof 160
Hz and 1325Hz, respectively.The takeoffdataincludesthe high-speedtakeoff roll on the runway,
followedby nosewheelrotation,mainlandinggearlifloff, andinitial climb. Thetakeoff excitesthe
low-frequencystructuralmodeatapproximately10-15Hz,reachinglevelsof approximately0.03g2/Hz.

Peaks in the low-speed PSD data are at frequencies of approximately 65, 85, and 105 Hz. The high-speed

data show PSD peaks at approximately 65, 85, 105, 130, 200, and 500 Hz. The high-frequency peaks

correspond to the vibration range associated with the aircraft jet engines.

The low-frequency PSD, between approximately 10 and 50 Hz, is significantly higher for the takeoff

and landing data than for other steady-state data. This excitation may be caused by vortex shedding from

the nosewheel landing gear door that is extended during takeoff and landing. For takeoff and landing, the

Reynolds number, based on the nosewheel door width of approximately 15 in., is on the order of 105 to

106. The Strouhal number, S, for a flat plate over this Reynolds number range varies from approximately

0.13 to 0.20 (ref. 5). Based on the definition of S, the frequency of vortex shedding, £,, can be calculated

as fs = SV/D ; where V is the free-stream velocity and D is the characteristic dimension, here the

nosewheel landing gear door width (in ft). Based on the above assumptions, the £, from the nosewheel

landing gear door for takeoff and landing is estimated to be between approximately 10 and 40 Hz.

Figure 10 shows the lateral acceleration PSD data for steady climbing flight. The data are for a

nominal 350-kn climb. Resonant frequencies at approximately 65, 85, and 105 Hz in the low- and

high-speed data are more evident for the climb data than for the takeoff data. The high-speed data also

show PSD pea_ks at approximately 200 Hz, again in the jet engine frequency range. Comparing the climb

data with the takeoff data, the takeoff PSD data show more energy in the low-frequency range to

approximately 50 Hz, again perhaps because of the effects of the nosewheel landing gear door.

Spectral density at constant Mach numbers from Mach 0.5 to Mach 1.4 and steady altitude has been

analyzed. Figure 11 shows lateral acceleration PSD data for subsonic flight at Mach 0.5, 0.6, 0.7, 0.8, and

0.9. The vibration level increases with Mach number level, increasing by an order of magnitude from

Mach 0.5 to Mach 0.9. This trend is probably caused by the increase in flow turbulence under the aircraft

as the airspeed increases. Noticeable peaks in the PSD are seen in all of the subsonic flight data at

frequencies of approximately 80 and 105-110 Hz. The PSD reaches a maximum at approximately Mach

0.9, but still well below the limit of test curve B. Figure 12 shows the lateral acceleration PSD data for

level flight at Mach 0.5 from the low- and high-speed data. The PSD pea_ks are seen at approximately 65,

85, 110, 200, and 500 Hz.

Figure 13 shows lateral acceleration PSD data for level transonic flight. The general increase in PSD

from Mach 0.8 to Mach 0.9 is followed by a dramatic decrease in PSD from Mach 0.9 to Mach 1.0. The

PSDs at Mach 0.9 and Mach 1.0 show more distinct pea_ks at several frequencies than the subsonic flight

data do. The PSD decreases further from Mach 1.0 to Mach 1.3. The larger values of PSD at Mach 0.9 are

characteristic of transonic dynamic structural responses caused by transonic aerodynamic and structural

coupling. Very distinct PSD pea_ks are seen at 80 Hz and 100-105 Hz.

Figure 14 shows lateral acceleration PSD data for level supersonic flight at Mach 1.3 and Mach 1.4.

The PSD values are generally lower than those for the subsonic and transonic flight data, with less

defined peaks across the frequency spectrum. The PSD for supersonic flight is approximately two to three

orders of magnitude lower than test curve B.



Figure15(a)showsathree-dimensionalplotof thePSDsshownin figures13and14,resultingin a
clearview of the growth anddecayof a minimumof five resonantfrequenciesfrom Mach0.5 to
Mach1.4.Figure15(b)showsaplanarviewfromabovefigure15(a).

ThelateralaccelerationPSDplot for descent(fig. 16)is similarto theclimbingflight data(fig. 10).
Becausethedescentandclimb speedswereapproximatelythesame,thisresultwasexpected.Although
the magnitudesof the frequencyresponsesare relatively low, resonancepeaksare still seenat
approximately65,85, 100-105,200,450,and950Hz. Thelow-frequencyPSDlevelsfor flight 165are
muchlowerthanfor theotherdatashown,with significantpeaksat approximately25,35,and50Hz.

Figures17(a)and17(b)showthelateralandverticalaccelerationPSDplotsfor landing.Theoverall
randomvibrationPSDlevelsfor landinggenerallyarelargerthanfor theotherflight regimes,excepttaxi
anddiscretepeaksin the pitch-pulseand2-g turn maneuvers.The PSDplot is again"fuller" from
approximately25to 40Hz, perhapsbecause of vortex shedding from the nosewheel landing gear door.

The PSD peaks are at frequencies of approximately 40, 65, 85, 105 and 200-250 Hz. The vertical

acceleration PSD has peaks at the higher frequencies of approximately 140, 270, 550, and 1000 Hz. The

vertical acceleration PSD, although higher for landing than for the other steady-state flight conditions, is

two to three orders of magnitude lower than test curve B.

Figures 18(a) and 18(b) show the lateral acceleration PSD curves for all of the steady-state flight

conditions from the low- and high-speed data, respectively. From frequencies of 10 to approximately

40 Hz, the largest PSD levels are from takeoff and landing. Between approximately 40 and 160 Hz, the

landing and transonic vibration levels are comparable, with the landing levels decreasing and the

transonic flight levels increasing. The transonic flight levels are greatest to approximately 300 Hz. From

approximately 300 to 1320 Hz, the takeoff phase produced the largest vibration levels. Qualitatively, for

low frequencies, the order of the flight phases for increasing vibration (from lowest to highest) is

postflight taxi, preflight taxi, level subsonic flight, descent, climb, level supersonic flight, level transonic

flight, takeoff, and landing. All of the vibration levels are well below the test curve values, except at the

lowest frequency.

Flight Maneuvers Data

Flight maneuvers analyzed include 5 ° steady-heading sideslips, pitch pulses, and level 2-g turns.

Figures 19-22 show the PSD data as a function of frequency for these flight maneuvers. The maneuvers

were performed at approximately Mach 0.4. The altitude for each maneuver varied: 20,000 ft for the

pitch-pulse maneuvers, 15,000 ft for the sideslip maneuvers, and 10,000 ft for the 2-g turns.

Angle-of-sideslip data were obtained with the landing gear up and down.

Figure 19 shows the lateral acceleration PSD for steady-heading sideslips of approximately 5 ° with

both gear up and gear down. As expected, based on the takeoff and landing data, the random vibration

levels are much greater with the gear down. The differences in the two curves provide additional

quantitative vibration data about the effect of having the landing gear extended. At the airspeed the

sideslips were performed, the £, from the nosewheel landing gear door is estimated to be approximately

40 to 70 Hz. The data obtained with the gear down show a definite energy increase in the 35-70 Hz

region. Peaks at approximately 80 and 105 Hz are evident as in the steady-state flight condition data. All

of the levels are still well below test curve B levels, except at the lowest frequency.

7



Thepitch-pulseand2-gturnmaneuversproducedthelargest,discretePSDpea_ksencounteredin the
presentstudy.Figure20showstheaccelerationpitchpulsedata.SignificantPSDpea_ksareseenin the
lateraldataat approximately15-20, 50, and 85 Hz; a large spike reachesthe test curve levels at
approximately115Hz.

Thelateralandverticalacceleration,2-gturndataaresimilarto thepitch-pulsedata(fig. 21).The2-g
load in the vertical axis appearsto producethe large peakat approximately50 Hz in the vertical
accelerationdata.Thelargespikeatapproximately115Hzin the lateralaccelerationdatais similarto the
spikeseenin the pitch-pulsedata.At the low frequencies,theverticalPSDis higherthanthe lateral
componentsfor the2-gturn.

Figure22showsthePSDcurvesof thelateralaccelerationsfor all of theflightmaneuversandthefull
profile of test curvesA-D. The PSDis dominatedat the low frequenciesby the sideslipmaneuver
performedwith geardown, and the pitch-pulseand 2-g turn maneuverscontributespikesof large
magnitudesatthehighfrequencies.All ofthePSDlevelsfor theflightmaneuversarebelow test curve B

levels, although these curves show the potential for large spikes at specific frequencies caused by specific
maneuvers.

CONCLUSIONS

The random vibration environment for the NASA F-15B/Flight Test Fixture II (FTF-II) test bed was

studied and quantified using spectral analysis of the fixture-mounted accelerometer data. Power spectral

density (PSD) was calculated for acceleration to a maximum frequency of 1325 Hz. All of the calculated

random vibration levels for steady-state flight conditions and various flight maneuvers were within the

limits defined by the NASA Dryden Flight Research Center flight qualification vibration test "curve B,"

except for the discrete peak observed at 115 Hz in the pitch-pulse and 2-g maneuvers.

The lateral acceleration was greater than both longitudinal and vertical acceleration in the majority of

the cases analyzed, with the exception of the pitch-pulse and 2-g turn maneuvers, in which more

significant vertical acceleration was present. Peaks in the acceleration PSD were seen at frequencies of

approximately 65, 85, 105-110, 200, 500, and 1000 Hz. The largest random vibration levels below

approximately 40 Hz occurred during takeoff and landing. From greater than 40 Hz to approximately 300

Hz, the Mach 0.9, transonic flight PSD levels were greatest. Random vibration levels were larger for

transonic flight than for subsonic or supersonic flight. From approximately 300 to 1325 Hz, the takeoff

produced the largest random vibration levels. Significant vibration levels were also encountered during

sideslip maneuvers and landing, possibly because of vortex shedding from the nosewheel landing gear

door impinging on the FTF-II.
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Figure 1. The NASA F-15B/Flight Test Fixture II test bed in flight.
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Figure 20. Acceleration PSD for a pitch pulse maneuver (flight 143).
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Figure 21. Lateral and vertical acceleration PSD for a level 2-g turn (flight 143).
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Figure 22. Comparison of lateral acceleration PSD for various flight maneuvers.
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